Introduction
[2] On 12 September 2007 at 11:10:26 UTC, a great earthquake with a moment magnitude (M w ) of 8.5 occurred off the west coast of Sumatra Island, about 130 km southwest off Bengkulu, Indonesia. According to the U.S. Geological Survey (USGS), the epicenter was located at 4.520°S and 101.374°E, between the Sunda trench and the Coast of Sumatra Island (Figure 1 ). The largest aftershock with M w 7.9 occurred 12 h after the main shock. The epicenter of this aftershock is located east of the Pagai Islands (Figure 1) .
[3] The 2007 great earthquake occurred within the seismically active Sumatra subduction zone where the IndoAustralian plate is subducting beneath the Sunda plate at an oblique angle. The Mentawai fault, a long linear structure parallel to the Sumatra subduction zone, is located on the west flank of Sumatra fore-arc basin [Diament et al., 1992] but does not appear to be active [Genrich et al., 2000] . The focal mechanism from the Global Centroid Moment Tensor (CMT) catalog shows that the earthquake has a thrust type mechanism with a strike parallel to the trench, indicating that the earthquake occurred on the plate interface between the Indo-Australian plate and the Sunda plate but not at the Mentawai fault.
[4] Along the Sunda trench, a series of megathrust earthquakes has occurred since 2004. The largest among these events, the 26 December 2004 great earthquake (M w 9.2) [Chlieh et al., 2007; Lay et al., 2005; Ammon et al., 2005] caused the most devastating tsunami in the history of countries surrounding the Indian Ocean [Titov et al., 2005; Geist et al., 2007] , Indonesia [Borrero, 2005; Jaffe et al., 2006 ; http:// www.eri.u-tokyo.ac.jp/namegaya/sumatera/surveylog/ eindex.htm], Thailand [Tsuji et al., 2006] Sri Lanka [Goff et al., 2006; Liu et al., 2005] , India [Yeh et al., 2007] . Three months later, the 28 March 2005 great earthquake (M w 8.7) ruptured the plate interface south of the 2004 rupture area [Briggs et al., 2006] . These great earthquakes could be the reactivation on each fault segment where great earthquakes had occurred previously. Paleoseismic evidence suggests that the most recent full-fledged predecessor of the 2004 earthquake occurred about 600 years ago [Jankaew et al., 2008; Monecke et al., 2008] . The 2007 earthquake ruptured the plate interface beneath Mentawai Islands where two historical major events, the 1833 (M w 8.9-9.1) and the 1797 (M w 8.7-8.9) earthquakes occurred [Newcomb and McCann, 1987; Natawidjaja et al., 2006; Chlieh et al., 2008] .
[5] Plate tectonics theory provides the kinematic frame work to explain why large earthquakes occur repeatedly along subduction zones [Ruff, 1992] . Geodetic and paleogeodetic measurements along Sumatra subduction zone reveal a heterogeneous coupling where parts of megathrust above 40 km creep aseismically, whereas others remain locked with a mean interseismic coupling of 0.57 to 0.86 [Chlieh et al., 2008] . Chlieh et al. [2008] used the geodetic data to estimate moment deficit that has been accumulated since the last great earthquakes in 1797 and 1833. The slip amount of the 2007 earthquake is smaller than the amount of potential slip that has been accumulated since the 1797 and 1833 events [Chlieh et al., 2008; Konca et al., 2008; Sieh et al., 2008] . The remains of potential slip must be eventually spent by a single or several future great earthquakes.
[6] A 700-year record of Sumatra megathrust supercycles implies that the 2007 earthquake was the beginning of an episode of large earthquakes on Mentawai Islands . Thus for the purpose of understanding the location and the spatial extent of future great earthquakes that will occur at the unruptured area, it is important to investigate the slip distribution of the 2007 event in detail. By comparing the slip distribution with the rupture area of the historical large earthquakes, the recurrence pattern of large earthquakes in this area can be understood in order to identify the source area of future tsunamigenic earthquakes.
[7] From previous studies by tsunami waveform inversion, the estimated slip distributions of the main shock show that the main slips (9-12 m) occurred at a depth from 20 to 30 km, southeast of South Pagai Island [Lorito et al., 2008, Fujii and Satake, 2008a] . The average rupture velocity inverted from tsunami waveforms for this event is 2.1 ± 0.4 km s −1 [Lorito et al., 2008] .
[8] Cumulative displacements on the Pagai Islands due to the main shock and the largest aftershock were detected by Interferometric Synthetic Aperture Radar (InSAR) analysis. Konca et al. [2008] estimated slip distributions of the main shock and the largest aftershock events and identified the postseismic effects also by using the InSAR data, coral uplift measurement data and continuous recording GPS (cGPS) data obtained from Sumatra GPS Array (SuGar). The postseismic horizontal displacements during one month following the earthquake for the stations with the largest offsets are less than 10% of the coseismic offset [Konca et al., 2008] .
[9] In this study we estimate the slip distribution of the main shock by performing two different inversions. The first is a tsunami waveform inversion using tsunami waveform data. The tsunami data which are recorded at stations surrounding the source region provide information regarding the spatial extend of rupture area and the overall coseismic slip pattern. The next is a joint inversion using InSAR data in addition to tsunami waveforms. The InSAR data has a dense spatial coverage on the ground deformation in land. Although only the InSAR data poorly constrain the slip distribution around the hypocenter distant from land, the joint inversion using both the tsunami waveforms and InSAR data help constrain the estimated slip distribution.
[10] To test slip distributions inferred from this joint inversion, we used them to compute the coseismic deformation that we equate with the initial sea surface deformation in the near-field tsunami simulations. We then investigate the energy flux of the tsunami off the west coast of Sumatra around the locations where high runups were observed. The simulated tsunami heights along coastline of Sumatra are compared to the measured tsunami runup to test the relation between the slip distribution and runup heights.
Observation Data

Tsunami Waveform Data
[11] The tsunami generated by the main shock of the 2007 Bengkulu earthquake (M w 8.5) was recorded by two tide gauge stations at Cocos Islands and Padang (yellow triangles in Figure 1 ) and two tsunami buoys deployed in the deep ocean northwest Sumatra (DART 23401) and off the Sunda Figure 1 . Map of the 2007 Bengkulu earthquake. Epicenter of the main shock (M w 8.5) and the largest aftershock (M w 7.9) are represented by white and yellow stars, respectively, and aftershocks are represented by purple circles. Red line is the plate boundary between Sunda plate and Indo-Australian plate, and blue dashed line is the Mentawai fault zone [Diament et al., 1992] . Arrows show relative plate motion vectors [Sieh and Natawidjaja, 2000] . Yellow and green triangles represent tide gauge stations and the buoy stations, respectively. In inset map, blue rectangles show coverage areas of ALOS/PALSAR images which are used to construct interferogram; blue arrows are for satellite flight direction and satellite look direction.
Strait (Krakatau Tsunameter) (green triangles in Figure 1 ). The location of the stations are listed in Table 1 and plotted on the map in Figure 1 .
[ [13] These tide gauge and buoy records include ocean tides, so we need to remove them to get the tsunami waveforms. First, we approximate the ocean tides by fitting a polynomial function. Then, we remove it from the original records. For the inversion, we use the first cycles of the tsunami waveforms recorded at tide gauges because they contain more information regarding the source properties than the later phases which more contain nonlinear coastal effect. On the other hand, for the buoy records which should not contain much coastal effect, we use several cycles of tsunami waveforms for the inversion. Heights of first cycle of tsunami recorded at Padang, Cocos Islands, DART 23401, and Krakatau Tsunameter are about 1 m, 20 cm, 4 cm, and 15 cm, respectively.
Tsunami Runup Data
[14] Three days after the earthquake, a post tsunami survey team [Borrero et al., 2009] went to the coastal areas around the city of Bengkulu to measure tsunami flow depth, tsunami height, maximum runup, and inundation distance. The measured runups range between 0.9 m and 3.9 m, and the maximum runups of 3.9 m were observed at Lais located about 50 km to northwest of the city of Bengkulu [Borrero et al., 2009] .
InSAR Data
[15] To detect the ground displacement on the Pagai Islands and on the west part of Sumatra Island near the source area, we conduct an InSAR analysis [e.g., Massonnet and Feigl, 1998; Bürgmann et al., 2000] . We use the satellite data of the ALOS/PALSAR, launched in 2006 and operated by Japan Aerospace Exploration Agency (JAXA), which has an L-band sensor with a wavelength of 23.6 cm. The advantage of the L-band sensor is that coherence in interferograms is high even in heavily vegetated areas like in the equatorial area [Bürgmann et al., 2000] . The PALSAR data pairs used in the InSAR analyses are listed in Table 2 . The orbital paths 445 and 448 cover the west coastal zone of Sumatra Island and the Pagai Islands, respectively. The perpendicular baseline for each orbital path (Table 2) is so short that high coherence and good interferometric condition for the InSAR analysis can be satisfied [e.g., Zebker and Villasenor, 1992] . These data are the strip map imagery with an incidence angle of ∼39°. We removed the topographic phase using SRTM (NASA's Shuttle Radar Topography Mission) data with a 3 arc-sec resolution [Farr et al., 2007] . We process the SAR data from a level-1.0 product using a software package Gamma [Wegmüller and Werner, 1997] .
[16] The ground displacement associated with the earthquake on the Pagai Islands is successfully mapped even in the forest areas. Figure 2a shows the interferogram covering the Pagai Islands (path 448). Approximately 14 fringes can be recognized between the south end of the South Pagai Island (Pulau Pagai Selatan) and the north end of the North Pagai Island (Pulau Pagai Utara), indicating that the former has moved 1.7 m toward the satellite relative to the latter.
[17] A significant ground deformation in the coastal zone of Sumatra Island ( Figure 2b ) is also identified. The maximum displacement toward the satellite relative to the southeastern edge can be recognized with approximate 40 cm at the region showing roundish-shaped fringes.
Method
Tsunami Numerical Simulation
[18] The bathymetry data sets used for tsunami simulation are based upon the GEBCO bathymetry data set and nautical charts of Cocos Islands and Padang. The nautical charts give more accurate bathymetry around Cocos Islands and near Padang where the tide gauges are located. Because the GEBCO data set has a poor accuracy on shallow water regions, we need to digitize the nautical charts for tsunami simulation.
[19] The computational area ranges from 86°E to 106°E and from 12°N to 15°S. We use different grid sizes of 3 arcminute (approximately 5.5 km), 1 arc-minute (approximately 1.8 km), 20 arc-second (approximately 600 m), and 6.7 arcsecond (approximately 200 m) to compute the tsunami. We use the finest grids for near coastal area around Cocos Islands and Padang tide gauge stations. Nested grid system is used to connect between small grid system and large grid system.
[20] Synthetic tsunami waveforms ( Figure 3c ) at the four stations from all subfaults are numerically computed using the finite different scheme. Governing equations for the far field tsunami computation are the following. We take the spherical coordinate system (r, , and ') with the origin at the Earth's center. The Earth is assumed as a sphere, so r is constant and equal to the Earth's radius R. The linear shallow water or the linear long wave theory is given by the following equations [Johnson, 1999] :
In the above equations, ' is longitude, is colatitude (90°-latitude), f is the Coriolis coefficient, t is time, h is the water level, Q ' and Q are the flow flux along latitude and longitude axes, respectively, g is the gravitational acceleration, and d is the water depth. The Coriolis coefficient is given by f = 2Wcos, where W is the angular frequency of the Earth's rotation. The open boundary condition at the edge of the computational area and the total reflection boundary at the shoreline are used for the computation. Computational time step of 1 s is chosen to satisfy Courant-Friedrichs-Lewy (CFL) stability condition that is expressed by the following equation:
The physical meaning of the stability condition is that the time step Dt must be equal or smaller than the time required for the wave to propagate the spatial grid size Dx.
[21] The equations of energy flux vector along E-W direction (E x ) and N-S direction (E y ) described by Kowalik et al. [2008] are where u and v are components of velocity along x and y directions, respectively, d is the water depth, h is the water level, and g is the gravitational acceleration. The seawater density r is assumed to be 1027 kg m −3 .
[22] The linear shallow water equations are numerically solved to compute synthetic tsunami waveforms at the buoy stations and the tide gauge stations. Because tsunami on the deep ocean is not affected by coastal effects, simulation of the tsunami using the linear shallow water equations is widely accepted [Synolakis et al., 2008] . First cycle of tsunami waveform recorded at tide gauge station contains only little nonlinear effect. First cycle of tsunami waveforms have been used in tsunami waveform inversions from which many source process of great earthquakes are estimated in AlaskaAleutians [e.g., Johnson, 1999] , Japan [e.g., Satake, 1989; Tanioka et al., 1995; Baba and Cummins, 2005] , Kuril Islands [e.g., Fujii and Satake, 2008b] , Sumatra [e.g., Satake, 2007, 2008a; Lorito et al., 2008] .
InSAR Data Processing for Inversion Analysis
[23] The satellite image used to construct the interferogram on the Pagai Islands was acquired 9 days after the main shock. The interferogram includes ground displacements caused by coseismic deformation due to the main shock as well as the aftershocks and their postseismic deformation that must have lasted during the first 9 days after the main shock. In this study, we need only the coseismic deformation due to the main shock.
[24] Since the epicenter of the largest aftershock is close to the Pagai Islands, the deformation caused by this event might contaminate the interferogram. Therefore the effect of the surface displacement caused by the M w 7.9 event, computed from a slip distribution estimated by Konca et al. [2008] , is eliminated from the original interferogram.
[25] For the inversion analysis, we resample the interferogram data beforehand using a quadtree decomposition method [Samet and Webber, 1988; Jónsson et al., 2002] . A square image is divided into four equal-sized square blocks if the maximum value minus the minimum value in the square is larger than a threshold. We give the threshold as 3 cm and 2 cm to the path 445 and path 448 data, respectively. This process is repeated iteratively until each block meets the criterion. Through the partitioning procedure, the resultant numbers of data points for the path 445 and path 448 are reduced from 148,218 to 2860 and from 94,439 to 4341, respectively.
Inversion Method
[26] We assume a ruptured fault plane with a length of 400 km and a width of 250 km by referring to the aftershock distribution. We then divide the fault plane into 160 subfaults with a uniform size of 25 km × 25 km (Figure 3a) . The focal mechanism of strike 328°and dip 9°, obtained from the Global CMT solution of the main shock, is assumed for all the subfaults. In this study, we use rake angles of 45°and 135°for each subfault (Figure 3b ) to estimate the slip direction of each subfault.
[27] The initial sea-surface deformation is assumed to be equal to the coseismic deformation on the ocean bottom. The deformation on the ocean bottom is computed for each subfault with unit amount of slip using Okada [1985] formula.
[28] In previous studies by tsunami waveform inversion [e.g., Satake, 1989; Fujii and Satake, 2008a; Lorito et al., 2008] , the tsunami waveform has been used to determine the slip amount with a fixed rake value. In this study, we propose a new approach in tsunami waveform inversion that determines both slip amount and direction. Figure 3c shows the difference between two synthetic tsunami waveforms which are generated by an unit amount of slip on four subfaults, 72, 73, 74, and 75, with different rake angles of 45°and 135°. The fault model with rake angle of 45°g enerates synthetic tsunami waveforms at Padang with positive wave front, while that with the rake angle of 135°g enerates synthetic tsunami waveforms with negative wave front. This difference between two synthetic tsunami waveforms indicates that there is a resolution to estimate rake angle on the subfault using tsunami waveforms. The slip amounts for both rake angles on the subfault can be estimated by solving an inversion procedure. Then a slip amount and a slip direction on the subfault are calculated by vector addition using the inverted slip amounts as the vector's magnitudes and the rake angles of 45°and 135°as vector's directions. In this new approach, the number of parameters is twice than in the conventional approach in tsunami waveform inversion. The procedure to determine the rake angle on subfault is used in a way similar to that where seismic waves are used [e.g., Ji et al., 2002; Lay et al., 2010] .
[29] Since the amplitude of observed tsunami waveforms varies from a few centimeters to a meter at different stations, we normalize the tsunami waveforms by the height of the first tsunami cycles recorded at Padang tide gauge station. The height recorded at Padang station is the highest among other records.
[30] The spatial variation of fault slip must be smooth in some degree because of the finiteness in the fracture strength of actual rocks [Yabuki and Matsu'ura, 1992] . The increase in model parameters may also increase instability of the solution. Therefore we incorporate a spatial smoothness constraint on the slip distribution into the inversion procedure. We used the following objective function, minimized in the inversion
where l is weight, d is the observed tsunami waveforms in the tsunami waveform inversion, and both observed tsunami waveforms and InSAR data in the joint inversion, G is the Green's function contains the synthetic tsunami waveforms in the tsunami waveform inversion, and both synthetic tsunami waveforms and displacement in line-of-sight (LOS) direction in the joint inversion, m is the model parameter vector, a 2 is a smoothing factor, H is a smoothing matrix consisting of a Laplacian operator that spatially smooths the slip distribution, and E is the measurement errors which is assumed to be the covariance matrix of the data.
[31] To determine the optimal value of the smoothing factor (a 2 ), we use Akaike's Bayesian information criterion (ABIC) proposed by Akaike [1980] . We may express the ABIC as it described by Yabuki and Matsu'ura [1992] in the form of
where N is total number of data points of the tsunami waveforms, P is number of subfaults multiplied by two (we apply two rake values for each subfault), M is number of model parameters, and C is a constant. The search for the value of a 2 is carried out by an iterative process, in which a 2 that gives a minimum ABIC is regarded as the optimal value.
[32] To know how good the estimated slip distribution is, we evaluate its standard error using "delete-half" Jackknife technique [Tichelaar and Ruff, 1989] . A "delete-half" Jackknife resample is extracted from the original data by deleting half the number of data points. We calculate the standard error of the best estimated slip distribution using 50 model estimates from the "delete-half" Jackknife resamples.
Results
Slip Distribution Determined by the Tsunami Waveform Inversion
[33] The slip distribution inverted only from the tsunami waveform data is shown in Figure 4a . The optimal value of smoothing factor (a 2 ) that minimizes the value of ABIC is 0.5 ( Figure 5 ). The major slip region is located on a depth between 16 km and 36 km with the maximum slip amount of ∼5 m (Figure 4a ). The average estimated rake value for the slip distribution is 108°. Figure 6a shows that the simulated tsunami waveforms agree well with the observed ones.
[34] The seismic moment calculated from our slip distribution is 7.0 × 10 21 N m (M w 8.5) by assuming the rigidity of 4 × 10 10 N m −2 for shallower subfaults and 7 × 10 10 N m −2 for deeper subfaults (Table 3) .
Slip Distribution Determined by the Joint Inversion
[35] The tsunami waveform inversion result suggests that large amounts of slip occurred as much as 150 km from the hypocenter. The dense spatial coverage of the InSAR data in the Pagai Islands provides heightened resolution of slip distribution beneath them. To improve the spatial resolution of slip distribution near the island, we now perform a joint inversion using InSAR data in addition to tsunami data.
[36] In the joint inversion, the InSAR data on Pagai Islands, the InSAR data on Sumatra Island, and the tsunami waveforms are weighted by the 1 , where s is the standard deviation of the data. The weights of tsunami waveforms, InSAR data on Pagai Island, and InSAR data on Sumatra Island are 1, 0.3, and 2.5, respectively. To estimate the slip distribution, we use the same smoothing factor (a 2 ) of 0.5 as the value that determined for the tsunami waveform inversion. We compare two slip distributions estimated by the tsunami waveform inversion and the joint inversion. The slip distribution estimated by the joint inversion has larger slip amounts on the major slip region. In the major slip region estimated by the joint inversion, the maximum slip is located south east of the Pagai Islands with a value exceeding 5 m (Figure 4b ). The slip amounts and the rake values of each subfault estimated by the tsunami waveform inversion and the joint inversion are listed in Table S1 .
1
[37] The released seismic moment calculated from the slip distribution estimated by the joint inversion is 6.7 × 10 21 N m (M w 8.5). The average estimated rake value is 106°or about at the opposite direction to the plate convergence. The calculated seismic moment is very similar to 6.71 × 10 21 N m (M w 8.5) obtained by Global CMT solution, while it is slightly larger than 5.15 × 10 21 N m obtained using seismic wave and geodetic data [Konca et al., 2008] and 4.2 × 10 21 -4.7 × 10 21 N m obtained using tsunami waveform data [Lorito et al., 2008; Fujii and Satake, 2008a] .
[38] The observed LOS displacement in the Pagai Islands and the Sumatra Island are used to validate the inferred slip distributions. Figure 7 compares between the observed LOS (Figure 7d) . Comparison of the pattern of the fringes on Sumatra Island shows that the calculated interferogram from the result of the tsunami waveform inversion does not agree with the observed interferogram (Figures 8a and 8b) . The slip distribution inferred from the tsunami waveform inversion thus fails to yield the observed deformation in the Pagai Islands and Sumatra Island. The residuals of the calculated and observed displacement in the LOS direction for the slip distribution estimated from the joint inversion (Figures 7e and 8e ) are significantly smaller than those for the slip distribution estimated from the tsunami waveform inversion (Figures 7d and 8d) .
[39] We calculated standard error of each estimated slip distribution by using Jackknife technique. The maximum error for the slip distribution estimated by the tsunami waveform inversion is about ±0.3 m (Figure 4a ), which is relatively small. The slip distribution estimated by the joint inversion is improved with smaller error than that for the tsunami inversion result. The addition of InSAR data significantly reduced the error of slip distribution beneath the Pagai Islands (Figure 4b) . These results show that the InSAR data strongly constrained a part of slip distribution around the Pagai Islands.
[40] A better slip distribution of the 2007 earthquake should be the one that can explain well more observation data, in this case both the tsunami waveforms and the InSAR data. The simulated tsunami waveforms can explain the observations with almost the same fitness for both of the slip distributions ( Figure 6 ). This result shows that the tsunami waveform inversion provides adequate information for the purpose of understanding the spatial extent of rupture and the location of major slip region. However, the disagreement on the ground displacement between the observations and the calculations suggests that the addition of InSAR data into the joint inversion is important for estimating the slip distribution of the 2007 earthquake in more detail. Hence we consider the joint inversion model is a best estimate of slip distribution of the earthquake.
[41] The vertical deformation on the Pagai Islands due to the main shock of the 2007 Bengkulu earthquake is calculated by using the slip distribution estimated by the joint inversion. 
Near-Field Tsunami
[42] We compare the measured runups and the simulated tsunami heights along the coastline around Bengkulu in Figure 9c . The slip distribution obtained from the joint inversion produces the tsunami heights which fit to the field data well. The tsunami computation shows that the maximum coastal tsunami heights along coastline of Sumatra to the north of 2.5°S are relatively small compared to the south of 2.5°S.
[43] The surface deformation generated by the slip distribution is elongated from the epicenter to the South Pagai Island. The northern part of initial deformation, shown by Figure 9a , is located in the shallow water region southeast off South Pagai Island and also on the island. The northern part of the sea-surface deformation could not generate large tsunami runup along the Coast of Sumatra Island because of the existence of the Pagai Islands. To the Indian Ocean, large energy flux propagates from both southern and northern parts of the initial sea-surface deformation. The direction of the energy flux is perpendicular to the elongated pattern of the initial sea-surface deformation. The maximum energy flux pattern shows that large energy flux directed toward Lais where the highest runup was measured (Figure 9b ).
Discussion
[44] Previous coral microatoll studies [Natawidjaja et al., 2006; Sieh et al., 2008] revealed that large uplifts occurred on the Mentawai Islands due to the historical great earthquakes in 1797 and 1833. Uplift was as large as 0.8 m in 1797 and 2.8 m in 1833. The source parameters inferred from coral microatolls imply moment magnitudes (M w ) of 8.5 to 8.7 and 8.9 for the 1797 and 1833 events, respectively [Natawidjaja et al., 2006] . Revised estimates of the moment released during those events from inversion of geodetic and paleogeodetic data suggests moment magnitude (M w ) of 8.7 to 8.9 for the 1797 earthquake and M w 8.9 to 9.1 for the 1833 earthquake [Chlieh et al., 2008] The destruction from the 1883 tsunami was severe in Bengkulu where the pier and custom building were wiped out [Natawidjaja et al., 2006] . The tsunamis at Bengkulu and Padang described in the historical accounts are more severe than those generated by the 2007 great earthquake. The 2007 tsunami runup at the city of Bengkulu was less than 2 m with minimum damages on its coastal area, where the tsunami overtopped a dock but did not damage the structure [Borrero et al., 2009] .
[46] Around Bengkulu, other tsunamis associated with earthquakes are recorded by history in 1770 and 1818. The 1770 earthquake caused severe damage to buildings constructed by the Dutch colonial government in Bengkulu. For 1818 event, people on land were thrown from their bed, suggesting Modified Mercalli Intensity (MMI) IX [Newcomb and McCann, 1987] . An official of the Indonesian Meteorological and Geophysical Agency reported that the 2007 Bengkulu earthquake was felt at V-VI MMI in Bengkulu Province. These similarities suggest that the 1770 and 1818 earthquakes may have resembled the 2007 earthquake in mechanism, location, and size.
[47] There was no historical earthquake in the region with a similar magnitude with the 2007 earthquake after the 1833 great event. The histories of coseismic emergences of coral microatolls between 14th and 19th century suggest that several great earthquakes occurred prior to the great earthquake that ends its supercycle . The moment deficit that has been accumulated since the last great earthquakes in 1797 and 1833 estimated by Chlieh et al., [2008] is far larger than the moment released in 2007. The remains of potential slip must be eventually spent by a single or several future great earthquakes. Therefore the 2007 great earthquake could be followed by several great earthquakes that will rupture the plate interface between the Batu Islands and Enggano Island until the potential slip that has been accumulated is completely released.
Conclusions
[48] We estimated the slip distribution for the 2007 great earthquake (M w 8.5) by using two types of inversion procedures, which are an inversion using only tsunami waveform data and a joint inversion using both tsunami waveforms and InSAR data. The inversion results show the major slip region for the 2007 Bengkulu earthquake is located on depth between 16 and 36 km. The slip distribution of the 2007 great earthquake determined by the tsunami waveform inversion is similar to that determined by the joint inversion. The fits to the tsunami waveforms from both slip distributions are equally good. However, the result of the tsunami waveform inversion cannot explain the ground deformation in both the Pagai Islands and Sumatra Island. The addition of InSAR data into the joint inversion is important for constraining the slip distribution of the 2007 earthquake in more detail.
[49] The seismic moment calculated from the slip distribution is 6.7 × 10 21 N m (M w 8.5). The calculated seismic moment is similar to 6.71 × 10 21 N m (M w 8.5) obtained by Global CMT solution, while it is slightly larger than that obtained using seismic wave and geodetic data [Konca et al., 2008] and those obtained using tsunami waveform data [Lorito et al., 2008; Fujii and Satake, 2008a] .
[50] Comparison of the measured runups with the calculated maximum coastal tsunami heights from the slip distribution shows good agreement. The tsunami numerical simulation shows that the northern part of sea-surface deformation could not generate high tsunami on main island of Sumatra because the deformation is located on a shallow water region and some part occurred on land. The energy flux pattern shows that the energy propagated toward and focused on around Lais where the highest tsunami runup was measured.
[51] Historical records show that both the 1797 and 1833 earthquakes generated large destructive tsunamis [Natawidjaja et al., 2006] . Both events are more severe than the tsunami generated by the 2007 event. Other historical events of the 1770 and 1818 generated tsunamis near Bengkulu. These events occurred before the culminating 1833 great earthquake and may be similar underthrust earthquakes to the 2007 Bengkulu event.
[52] The moment released in 2007 is far smaller than the moment deficit that has been accumulated since the last great earthquakes in 1797 and 1833. The remains of potential slip must be eventually spent by a single or several future great earthquakes. Therefore the 2007 great earthquake could be followed by several great earthquakes that will rupture the plate interface between the Batu Islands and Enggano Island until the potential slip that has been accumulated is completely released.
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